Dental decay is the most prevalent oral disease worldwide, with an estimated 3 billion untreated cases of tooth decay, and is increasing despite improvements in prevention and treatments. [1] Dental decay is treated by surgically removing infected dentin and restoring tooth structure and function with a material. Exciting progress is being made in regenerative dentistry, [2] which may promote natural repair of dental tissues through dentin and pulp regeneration from stem cells. Previous work has shown the potential of endogenous dental pulp stem cells (DPSCs) for promoting dentin repair. [3] In addition, scaffolds for encapsulating stem cells [4] and delivering growth factors or drugs [5] are promising approaches for dentin and pulp regeneration. However, currently available dental scaffold materials do not adequately support regeneration. [6] Dental surgery is unique from other surgical sites, because teeth are directly exposed to the oral cavity, and therefore, must be filled with a permanent restoration rather than degradable materials. Existing synthetic polymer-based chemistries in dental materials cannot be used in direct contact with cells and vital tissue for regeneration, because they contain residual methacrylate monomers, such as bisphenol A glycidyl methacrylate (BisGMA), which negatively impact cells by disrupting regulatory cellular signaling. [7] Regenerative therapies would benefit from a new class of bio-instructive restorative materials that support the underlying native function of dental pulp cells, such as DPSCs, to differentiate into dentin-producing cells, while also restoring the tooth to protect vital tissue from mechanical, microbial, thermal, and chemical injury. [8] Here we aim to identify synthetic polymeric materials that provide a supportive niche for DPSCs to differentiate to odontoblasts, which are the cells that regenerate dentin, as well as demonstrate potential clinical utility in a relevant animal model. Polymer microarrays have previously been used to identify novel materials for stem cell research, [9] [10] [11] and here we applied this approach to rapidly identify candidate chemistries for regenerative dental materials. The general strategy involved first determining the ability of DPSCs from human donor teeth to adhere in vitro on the various materials in the array, followed by scale-up of the lead materials, and a more complete characterization of materials properties and the biological response (Figure 1a) . The adhesion assay allowed for rapid identification of top-performing polymers from a large and chemically diverse material library. The polymer microarray was prepared from commercially-available monomers of wide chemical diversity, including mono-and multi-functional acrylates, methacrylates, acrylamides, and methacrylamides with assorted side-chain chemistries totaling 119 unique homopolymers (Table S1 ) on a cell non-adherent poly(2-hydroxyethyl methacrylate) (pHEMA) background. [11] The monomers were selected from commercial vendors based on their low-viscosity for compatibility with the array-printing manufacturing process. [9] Adhesion was chosen for the screen, because cells must first be able to adhere to a substrate in order to be impacted functionally. DPSC adhesion and gene expression were examined in later experiments as metrics of the ability of the top-performing polymers to support dentinogenesis. Cells were seeded onto arrays in serum-free conditions to provide a more defined environment for examining the effects of polymer chemistries on cell adhesion.
Serum contains a significant fraction of albumin and other carrier proteins, which can vary with each batch and may confound the specific material-cell interactions that we intend to study. Thus, serum-free media conditions allow for more specific examination of the intrinsic ability of polymers to enable cell adhesion. Cell adhesion was measured after 24 and 48 hours by fluorescence imaging of cells stained for cell nuclei (DAPI, blue) and F-actin (phalloidin, green) (Figure 1b) . Quantification by an index of cell area multiplied by cell count yielded three top-performing polymers, which corresponded to hydrophobic acrylate monomer HexA (hexyl acrylate), and triacrylates TMPTA (trimethylolpropane triacrylate) and PETA (pentaerythritol triacrylate) (Figure 1c-d) . Derivatives of TMPTA, TMPETA (trimethylolpropane ethoxylate triacrylate) and TMPPTA (trimethylolpropane propoxylate triacrylate), were also identified by count and area (Figure 1c) . From the top-performing chemistries identified within the library, the triacrylate monomers, TMPTA and PETA, were chosen to investigate further, over the monofunctional acrylate HexA because triacrylates in general cure more rapidly, which is advantageous for in-situ bulk polymerization of a dental restorative material. Multifunctional acrylates polymerize by both chain-growth and network polymerization. Conversely, the monofunctional acrylate HexA polymerizes only via chaingrowth into linear polymer chains of a physically crosslinked thermoplastic, rather than a more rigid covalently crosslinked polymer network. [12] Further, HexA performed lower than TMPTA in all cell adhesion metrics ( Figure 1c) .
Next, thiol-ene chemistry was employed to scale-up polymerization of the monomers TMPTA and PETA by adding a structurally-related tri-thiol compound and photoinitiator (Figure 1d ).
These rapidly cured by UV-irradiation into bulk polymers in approximately 10 seconds, with storage moduli of ~10 7 Pascals (Figure 1e ). Rapid bulk crosslinking of TMPTA is consistent with previous findings that multifunctional acrylates polymerize faster than multifunctional methacrylates due to less steric hindrance and higher radical stability. [13] In order to directly confirm in later studies whether DPSC adhesion was specific to triacrylates, a structurally similar trimethacrylate, trimethylolpropane trimethacrylate (TMPTMA) (Figure 1f ), was polymerized in a similar manner and tested in parallel. The bulk polymers exhibited similar compressive moduli, measured by unconfined uniaxial compression, of around 300 MPa (Figure 1f ), which is consistent with the bulk compressive moduli of resins used in commercial dental materials. [14] Nanoscale atomic force microscopy (AFM) measurements showed the surface of the triacrylate and trimethacrylate polymers achieved an elastic modulus of ~2 GPa (Figure 1f and S1a), which is on the order of the range of dentin stiffness (~10 GPa) measured by nanoindentation. [15] Biaxial tension experiments showed PETA had a higher tensile strength, close to 40 MPa, as compared to a mean of between 20-30 MPa for TMPTMA and TMPTA (Figure 1f) . Each of these analyses, which utilize distinct methodologies, are measuring different aspects of the mechanical properties, but together indicate these polymers have appropriate properties for dental restorative materials. After curing, the alkene and thiol groups were not detectable by Fourier-transform infrared spectroscopy ( Figure S1b) , and sulphur species from the tri-thiol were detected on the polymer surface using time-of-flight secondary-ion mass spectrometry (ToF-SIMS) ( Figure   S1c ). Fast bulk curing, as well as high stiffness and strength, suggest these triacrylate polymeric materials are suitable for in-situ curing, which is ideal for clinical applications in dentistry.
We confirmed thiol-ene polymerized bulk materials TMPTA and PETA adhered DPSCs in serum-free conditions over 48 hours in similar numbers and viability as tissue culture plastic (TCP); conversely, no cells adhered to pHEMA (Figure 2a) , suggesting the thiol-ene chemistry maintained the adherent phenotype observed from the initial screen. Next, we determined DPSC adhesion and proliferation over 48 hours in serum-free media on the bulk polymers, compared to the commercial gold-standard methacrylate monomer used in dental fillings, BisGMA, [16] as well as a structurally-related trimethacrylate control, trimethylol propane trimethacrylate (TMPTMA). DPSC cell count and phase images over 48 hours showed DPSCs were adherent to TCP and TMPTA, but not to TMPTMA or BisGMA ( Figure   2b ). DPSCs initially adhered as viable single cells on all materials, but failed to spread, deadhered and did not reach confluence on TMPTMA and BisGMA ( Figure S2 ). These results suggested that cell adhesion was specific under these conditions to the selected triacrylate polymers, as TMPTA and its methyacrylate-analog TMPTMA shared the same branched trimethylolpropane core structure, were polymerized with the same thiol-ene chemistry, and Figure S4 ). Overall, these results are consistent with data from the initial screen, which showed all the 37 monofunctional or multi-functional methacrylates from the candidate chemistries were not one of the top polymers ( Figure 1c and Table S1 ). Further, hexyl methacrylate, which is structurally-related to HexA, was not included in the top polymers. The integrin-β1 subunit is involved in cell adhesion, through its heterodimerization with integrin subunits such as α1, α2, α3, α5, and αV, and subsequent binding to extracellular ligands. We hypothesized that the integrin-β1 receptor subunit was required for DPSCs to adhere to the extracellular matrix that the cells express and deposit onto the triacrylates. A blocking anti-β1 antibody was used, in media containing 1% FBS to reduce non-specific adsorption of the blocking antibody, at a concentration of 5 µg/mL. Anti-β1 inhibited cell adhesion on TMPTA, PETA, TMPTMA and BisGMA, while it did not significantly affect cell adhesion on the TCP control (Figures 2d and S5 ). Together, these results demonstrate that DPSCs adhere and proliferate on TMPTA and PETA in an integrin-β1-dependent manner.
To investigate the impact of adhesion, a commercial gene screening array (Table S2) factor involved in Wnt/beta-catenin signaling pathways, which can impair odontoblast differentiation. [17] It is important to note that these analyses measured gene expression in the very few numbers of cells that remained adhered on BisGMA and TMPTMA at 48 hours. We speculate these remaining cells upregulate COL2A1, COL4A4, and VN expression as a compensatory mechanism to remain adherent, even though they have a significant reduction in COL1A1 expression. ITGB1 expression slightly increased on TMPTA and PETA after 48 hours ( Figure S8b) . Together, these data suggest that collagen-1 expression and integrin-β1 receptor binding are correlated with DPSC adhesion to triacrylates TMPTA and PETA. This finding suggests these materials can functionally support DPSCs, because dental pulp stem cells express β1 integrin during differentiation. [18] Conversely, DPSCs fail to adhere well on BisGMA and the methacrylate-analog (TMPTMA) controls, and appear to compensate by upregulating other matrix genes and cell survival genes.
These data are consistent with previous literature that showed expression of the β1 heterodimer of integrin α5-β1 is required to promote cell survival in the absence of serum when adhered to fibronectin-coated surfaces. [19] Adhesion to the TMPTA and PETA polymers via integrin α5-β1 may help promote DPSCs to survive in serum-free conditions similar to TCP control, whereas DPSCs on BisGMA and TMPTMA materials may exhibit limited adhesion via integrin α5-β1. In addition, previous literature showed α1-β1 integrin expression is a negative regulator of collagen-I expression. [20] Initially when seeded without serum, presumably there is limited availability of collagen ligands and less activation of α1-β1 integrin. Collagen-1 expression is downregulated over 48 hours on BisGMA and TMPTMA, possibly due to the role of α1-β1 activation, whereas collagen-1 expression is maintained on TMPTA and PETA similar to TCP control. Further work investigating the role of integrins in regulating cell adhesion to these triacrylates is warranted in the future.
The triacrylate materials did not require any chemical modification or pre-adsorption of proteins after polymerization for direct signaling on cells, but rather the data are consistent with the hypothesis that the materials support cells to produce and adhere via their own adsorbed matrix proteins. Mammalian cells often can adhere to surfaces of synthetic materials even in the absence of serum proteins or precoating of the substrate with adhesive proteinsmany cell types adhere very well to tissue culture plastic under these conditions. In these situations, it is believed that cells adhere via the proteins they actively synthesize and secrete or which are already present on the cell surface, which subsequently interact with the surface of the material. [21] It is possible that the higher reactivity and stability of triacrylate freeradicals [13] enhanced bulk polymerization compared to TMPTMA and BisGMA, which improved interaction with cells and extracellular matrix and other absorbed proteins. A goal of future work is to determine in detail how macromolecular, mechanical, and biochemical cues of these materials direct the cell behavior, including the specific role of adsorbed proteins.
To further evaluate the compatibility of triacrylates with DPSCs, we investigated the relative gene expression of DPSCs in long-term serum-free culture on TMPTA and PETA compared to TCP. DPSCs expressed lower levels of osteocalcin (BGLAP), RUNX2, and TGFB1 on TMPTA after 21 days compared to TCP, indicating they differentiated less on TMPTA than TCP ( Figure S9a ). Trends were similar for PETA, but not statistically significant. We next confirmed that these effects were not due to residual monomer leaching into the media, as conditioned media from TMPTA and PETA added to cells on TCP did not cause significant differences in gene expression compared to TCP control ( Figure S9a) . Next, osteogenic conditions were used to determine whether triacrylates TMPTA and PETA are permissive for DPSC differentiation in an appropriate chemical environment, compared to TCP control.
After 21 days, DPSCs on TMPTA and PETA expressed increased levels of the osteogenic differentiation markers [22] alkaline phosphatase (ALPL), BGLAP, osteopontin (SPP1), and staniocalcin (STC1), but the dentin-specific marker dentin sialophosphoprotein (DSPP) [23] was not detected (Figure 3a) . With the addition of the growth factor TGFβ1, DPSCs were able to differentiate into odontoblasts, as confirmed by expression of DSPP on TMPTA and PETA (Figure 3b and S9c), which was quantified by alizarin red staining. Together, these differentiation data suggest that TMPTA and PETA-based materials are compatible with stem cell behavior, although material cues alone are not sufficient to induce differentiation. Rather, the polymeric materials provide a supportive niche that allows DPSCs to respond appropriately to biochemical cues. Thus, these triacrylate materials could comprise a new, first-generation regenerative dental filling that supports stem cells to respond to regenerative therapies. They can be rapidly cured into bulk materials with minimal residual monomer, have rigid mechanical properties similar to existing fillings and dentin, and provide a supportive niche for dental pulp stem cells. Triacrylates TMPTA and PETA are likely to be compatible with regenerative treatments, such as delivery of stem cells in degradable scaffolds or delivery of bioactive molecules that promote endogenous repair mechanisms.
Regenerative therapies in dentistry would be indicated for treating pulp exposure injuries in adult human teeth, because they cause irreversible damage that results in necrosis of the tissue and otherwise require root canal surgery [24] (ClinicalTrials.gov NCT00187837 and NCT00187850). Restoring the dentin-pulp complex, including DPSCs, odontoblasts, and dentin, with regenerative therapies will likely require multiple components, including a permanent restorative material that biochemically and mechanically interfaces with regenerating tissue and remaining dentin. The potential clinical utility of TMPTA in these types of traumatic irreversible dental pulp injuries was subsequently explored by examining if the triacrylate-trithiol monomer solution could be cured into bulk materials inside irreversibly-injured molars of 6-week male rats in direct contact with pulp tissue. Other animal models that cause reversible pulp injury and vital dentin regeneration do not accurately mimic clinical cases with non-vital injured teeth indicated for regenerative therapies. After proper hemostasis and isolation, the TMPTA-thiol bulk monomer solution was applied to the injury site and was cured inside the tooth with visible light irradiation. Conventional commercial dental materials, calcium hydroxide paste and a resin composite filling, were used as controls. All animals were ambulatory, ate and grew normally, and exhibited normal patterns of behavior, suggesting there were no systemic negative effects of the treatment.
Animals were sacrificed immediately after injury and after 8-weeks for fixation, decalcification, resin-embedding, and hard tissue sectioning for histology. Hard tissue histological sections showed the TMPTA filling (r) cured in direct contact with pulp (p) and dentin (d) tissues at day 0, with a conventional dental composite filling (f) on top (Figure 3d) .
Further, the oral cavity showed no signs of pathology or infection, restored teeth were intact, TMPTA was retained in contact with the pulp tissue after 8-weeks, and the pulp tissue qualitatively appeared similar to that resulting from the use of the calcium hydroxide and resin composite control ( Figure S10a ). Similar to human clinical cases of pulp exposure restored with dental composites, the pulp tissue became calcified as a result of irreversible pulpal injury and necrosis, and thus suffered loss of potential for vital dentin regeneration. MicroCT imaging qualitatively showed no major differences in the mineralized-to-total volume ratio between conditions, and TMPTA alone performed similarly as TMPTA + resin composite restoration ( Figure S10b) . We propose the triacrylates TMPTA and PETA could be used clinically with stem cell therapies as therapeutic biomaterials in direct contact with pulp tissues to promote regeneration of the dentin-pulp complex, while also functioning as a dental filling material that mechanically supports tooth structure in the oral cavity ( Figure S11) . A key issue for the clinical use of the multifunctional acrylates is their compatibility in vivo.
These types of materials are widely used as cross-linkers in commercial industrial applications such as UV-curable inks, coatings, and paints. There are reports of skin exposure to multifunctional acrylate monomers causing sensitization in humans. In mice, topical application only at high doses (above 1 mg/kg) was inflammatory and carcinogenic. [25] However, very small doses are used here (~ 0.1 µg/kg TMPTA), and the monomer is rapidly cured into a bulk polymer with minimal residual monomer. Together with the in vitro characterizations of their biological response, these data suggest the triacrylates TMPTA and PETA, unlike existing synthetic materials in dentistry, provide a stem cell-compatible restorative material that can be used in direct contact with pulpal tissues, and thus improve the state-of-the-art in clinical dentistry.
In summary, triacrylate-based materials have significant promise as novel, bio-instructive, restorative materials for regenerative dentistry. They can be cured rapidly into bulk polymers without detectable residual monomer, provide robust mechanical properties, support DPSC regenerative-related functions, and can be placed directly at the dentin-pulp interface in a severe model of dental pulp injuries. Additionally, human periodontal ligament fibroblasts adhered in vitro to TMPTA and PETA in a similar fashion as to TCP ( Figure S12 ) suggesting these materials could be utilized more broadly beyond restorative dentistry. Furthermore, the triacrylate TMPTA provides antimicrobial properties, because TMPTA was previously discovered to resist biofilm formation of Staphylococcus aureus and uropathogenic Escherichia coli. [26] Thus, these triacrylate-based materials could be broadly useful as medical devices by instructing multiple biological functions.
Experimental Section
Cell culture: For adhesion experiments, human DPSCs were seeded at 75,000 cells/cm 2 on either polymer-coated TCP or TCP alone in serum-free aMEM (Gibco) complete media (Supplementary Information). After 48-hours, bright-field microscopic images and cells were retrieved for counting. Live/dead staining assay was performed using Live/Dead Viability/Cytotoxicity kit (Life Technologies). Integrin inhibition experiments used an anti-β1 blocking antibody at 5 µg/mL (mab1959, Milipore) in 1% FBS. For differentiation experiments, DPSCs were cultured in serum-free media until they reached confluency, followed by supplementation with 10% fetal bovine serum, 285 μM L-ascorbic acid, 10 mM beta-glycerol phosphate, 0.01 μM dexamethasone, and +/-10 ng/mL of recombinant human TGFβ1 (PeproTech). Fresh media was replaced every 2-3 days. Cells were lysed at 7-and 21-days for RNA isolation and subsequent quantitative polymerase chain reaction (qPCR) (Supplementary Information). The level of mineralization during differentiation was determined by an osteogenesis quantitation kit (EMD Millipore), which involved Alizarin Red staining, acetic acid extraction, and quantification based on absorbance at 405 nm.
High-throughput screening and scaling-up polymer chemistries: Polymeric microarrays were prepared as described. [11] Briefly, 119 commercially available monomers of 250-400 µm diameter were printed and photo-polymerized on polyHEMA coated slides in microarrays, with six replicates per array. DPSCs were seeded at high (80,000 cells per array) or low Rodent model of dental pulp injury: All animal procedures were approved by Harvard IACUC and followed all state and federal regulations. The dental pulp injury model was adapted from a previous study. [3] Each male Sprague Dawley rat at 6-weeks old was properly anesthetized and cavity preparations to excavate pulpal tissue were made on the occlusal aspect of maxillary first and second molars with a high speed conventional handpiece and a #1/2 carbide round bur (0.8 mm diameter) with simultaneous irrigation of sterile saline solution.
Adequate hemostasis was obtained by cotton-pellet pressure. Bulk monomer solution of TMPTA was placed at the base of the cavity and cured with visible-light irradiation.
Subsequently, the tooth was restored with a composite resin (3M-ESPE) associated with a one-step adhesive system (Single-Bond, 3M-ESPE). Calcium hydroxide paste and resin composite without TMPTA, and resin composite alone without TMPTA were used as controls. 
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. Figure 1 . Rapid identification of triacrylate polymers as candidate bio-instructive dental restorative materials. a) Schematic of general strategy: human dental pulp stem cells (DPSCs) were prepared for screening a library of 119 monomers of diverse chemistries on a polymer microarray that enabled rapid identification of candidate chemistries for therapeutic use in dentistry. Candidate polymers were then scaled-up for further chemical and biological characterizations to assess their ability to support DPSCs, followed by application in a dental injury model (red arrow). b) Fluorescence imaging of cells on TMPTA, PETA, and HexA, stained for F-actin (green) and nuclei (blue), at high (80,000 cells per array, bottom-row) and low seeding density (8,000 cells per array, top-row), scale bar 100 µm. c) Image analysis was performed to quantify the mean cell count and area on each polymer, and the two metrics Figure 2 . DPSCs adhere to triacrylate polymers and proliferate in a β1-integrin-dependent manner. a) Images of thiol-ene-polymerized TMPTA and PETA with adhered DPSCs in serum-free medium at high confluence after 48 hours, with quantitation of relative cell numbers and viability, compared to tissue culture plastic control TCP and negative control polyHEMA. Scale bar 100 µm. b) Phase images (scale bar 200 µm), and relative DPSC cell count and viability in serum-free medium at 8-and 48-hours compared to negative control BisGMA and structurally-related trimethacrylate TMPTMA (** below counting limit). c) Quantification of proliferation marker Ki67 in adhered DPSCs in serum-free medium on TMPTA, PETA, TMPTMA, and BisGMA from 8 to 48 hours, * statistically significant difference from BisGMA control, p<0.05, n=3. d) Cell counts of DPSCs after 48-hour culture on TCP, TMPTA, PETA, TMPTMA, or BisGMA in media containing blocking anti-integrin-β1 receptor subunit antibody (anti-ITGβ1) or vehicle control, * statistically significant difference, p<0.05, n=6. e) Relative gene expression of DPSCs adhered in serum-free medium for 8 and 48 hours on TMPTA, PETA, TMPTMA, TCP, or BisGMA for collagen type I (COL1A1), collagen type II (COL2A1), collagen type IV (COL4A4), vitronectin (VN), HRAS, and LEF1, normalized to GAPDH and BisGMA-8h, * statistically significant difference, p<0.05, n≥4.
Figure 3.
Triacrylate polymers supported DPSC osteogenic and odontogenic differentiation, and can be placed in direct contact with the dentin-pulp interface to mimic their use in regenerative dentistry. a) Relative gene expression of proliferation marker cyclin-D1 (CCND1) and differentiation markers smooth muscle actin (ACTA2), alkaline phosphatase
